Despite recent recognition of the ATP-binding cassette protein OptrA as an important mediator of 25 linezolid-resistance in Enterococcus faecalis worldwide, the mechanisms of optrA gene 26 acquisition and transfer remain poorly understood. In this study, we performed comprehensive 27 molecular and phenotypic profiling of 44 optrA-carrying E. faecalis clinical isolates with 28 linezolid-resistance. Pulse-field gel electrophoresis and DNA hybridization revealed the presence 29 of optrA in the plasmid in 26 (59%) isolates and in the chromosome in 18 (41%) isolates. 30
Introduction
ermB, lnuB and fexA, were screened by PCR amplification using the primers listed in Table S2 (37, 38).
Rep 12 family was not included owing to lacking a reference strain. All samples were first screened by 136 multiplex PCR, followed by single-locus PCR for samples that were not clearly differentiated in 137 multiplex PCR. Rep-families (rep 1 , rep 4 , rep 6-7 , rep 10 and rep 13 ) present in more than one species were 138 defined as rep-families with a broad host range, whereas other rep-families (rep 2 -3 , rep 5 , rep 8-9 , rep 11-12 139 and rep [14] [15] [16] [17] [18] [19] ) present in only one species were defined as single-species specific rep-families. All 140 positive PCR products were sequenced commercially and analyzed against sequences of known 141
rep-families in the NCBI Nucleotide Database. In addition to transconjugants, all the reptypes were 142 verified by PCR in original clinical isolates of E. faecalis. 143 Genomic DNA was extracted from overnight cultures using the HiPure Bacterial DNA Kit 166 (Magen, Guangzhou, China) according to the manufacturer's protocol. The presence of three key 167 sex-pheromone-response genes (prgA, prgB and prgC) in the donor and transconjugant strains 168 was determined by PCR using primers listed in Table S2 . PCR reaction was performed with the 169 following thermocycling program: 95 °C for 5 minutes, 30 cycles of 95 °C for 1 minute, 50 °C 170 for 30 seconds, 72 °C for 1 minute, and a final extension at 72 °C for 10 minutes. All positive 171 PCR products were sequenced and the resulting sequences were blasted against the NCBI 172 Nucleotide Database. 173 174
Determination of sex pheromone responses by clumping induction assay (CIA) 175
CIA was performed as described previously (42). Pheromone-containing filtrates were prepared 176 from E. faecalis JH2-2 strain grown overnight in BHI broth (referred to as the recipient strain). The 177 cells were pelleted by centrifugation, and the supernatant was filtered through a 0.22 μm filter 178 membrane. The filtrates were autoclaved at 121 °C for 20 min, and stored at 4 °C before use. E. 179 faecalis culture (from clinical isolates or their transconjugants, referred to as the donor strain) was 180 added to 0.5 ml of pheromone-containing filtrate, followed by incubation at 37 °C for 3h with 181 shaking. To test the type of sex pheromones involved in mating, synthetic sex pheromones cAD1 182 or cCF10 (Sangon Biotech, Shanghai, China) were used at the final concentration of 50 μg/ml 183 instead of JH2-2-derived filtrates described above. Clumping status was monitored by visual 184 inspection or microscope, and recorded by photography. 185
186

RESULTS
Localization of optrA gene in the linezolid-resistant E. faecalis 188
Among 44 linezolid-resistant E. faecalis isolates analyzed by S1-PFGE, optrA was localized on 189 the plasmid in 26 (59 %) isolates and on the chromosome in 18 (41%) isolates. The size of 190 plasmids varied from 30 kb to 300 kb ( Fig. 1 ). Of the 26 isolates with optrA-carrying plasmids, 23 191 had a single plasmid and the remaining 3 had a co-existence of two plasmids with different sizes 192 ( 
Horizontal transmission of optrA gene 196
In conjugation experiment with E. faecalis JH2-2 as a recipient, positive transfer of optrA gene 197 was achieved in 23/26 (88.5%) E. faecalis clinical isolates with optrA-carrying plasmids. The 198 other 3 isolates showed no transfer despite multiple attempts. None of the 18 isolates containing 199 optrA in the chromosome showed positive transfer. In drug susceptibility testing of the 23 200 transconjugants, the MIC value of linezolid changed from susceptibility (2 mg/L) to resistance (8 201 mg/L) and E. faecalis ATCC 29212 was used for the control strain. In addition, these 23 202 transconjugants exhibited resistance to chloramphenicol, clindamycin, erythromycin, and 203 tetracycline compared with the recipient strain E. faecalis JH2-2 (data not shown). By PCR, in 204 each of the 23 transconjugants we detected multiple resistance genes, including optrA (23/23, 205 100%), tetL (23/23, 100%), tetM (11/23, 47.8%), ermB (22/23, 95.6%), lnuB (20/23, 87.0%) and 206 fexA (22/23, 95.6%) (Table1). 207
Detection of rep-families in E. faecalis transconjugants and their original clinical isolates 209
Four types of plasmids were identified by PCR in 20 transconjugant isolates carrying optrA while 210 other three isolates did not show any of the 19 plasmid types targeted in our study ( Table 1 ). The 211 dominant plasmid type was rep 9 family (prototype pCF10), which was detected in 78% (18/23) of 212 isolates. Rep 1 (prototype pIP501) accounted for the second major rep-family being identified in 213 39% (9/23) isolates. rep 7 (pIP501 prototype) and rep 6 (pIP501 prototype) were detected with lower 214 frequencies (17.4% or 4/23 and 8.7% or 2/23, respectively). Other plasmids including re p2-5 rep 8 , 215
rep 10-11 , rep 13-16 , rep 18-19 and the rep Unique were not detected in any isolates. 216
Of the 20 successfully typed isolates, 9 contained a single plasmid type, 9 contained a mixture 217 of two plasmid types and the remaining 2 contained a mixture of three plasmid types (Table 1) . 218
Of the 23 original clinical isolates showing positive transfer of optrA-carrying plasmids, 18 219 contained a rep 9 type of plasmids as determined by PCR using primers specific for rep 9 -type 220 plasmid. 221 222
Characteristics of the optrA-carrying plasmid in E. faecalis strain P10748 223
De novo assembly of Illumina HiSeq data from E. faecalis P10748 resulted in a complete genome 224 of plasmid pEF10748 containing 53,178 bp (GenBank accession no. KPMK993385). This size is 225 consistent with the results of Southern blot ( Fig. 1 ), supporting the correct assembly of the plasmid 226 genome. This genome has a GC content of 35%, similar to that of the E. faecalis genome. A total of 58 coding sequences (CDSs) were identified, with majority of them encoded in the same 228 orientation, similar to known pheromone plasmids in E. faecalis, such as pCF10 (43) and pAD1 229 (44). The predicted genes of all CDSs are listed in Table 2 and Fig. 2 . 230
The full-length sequence of plasmid pEF10748 was not identical to any plasmid sequences 231 currently available in GenBank while being most closely related to plasmid pKUB3006-1 in an E. 232 faecalis isolate reported from Japan (45), with 78% coverage and 99% sequence identity for a ~42 233 kb region (Table S3 ). Other plasmids with significant overlap to this region included pTEF1, 234 pAD1, pMG2200, pCF10 and pTEF2 ( Fig. 3 ). All these plasmids were identified in E. 235 faecalis from human and swine samples and contain multiple sex pheromone response genes, 236
including traB, prgA(sea1), prgB (asa1), prgC, prgU, prgR, prgS and prgT. 237
The optrA gene in plasmid pEF10748 was surrounded by chloramphenicol/florfenicol 238 resistance gene fexA, ISL3 transposase, Imp and IS1216E element, all of which were located in a 239 ~11 kb region (Table 2 and Fig. 2 ). This region showed highest homology (>99.9% sequence 240 identity) to the following plasmids: pXY17, p10-2-2, p29462, p1202 and pE121 (Table S3 and 241 with both the original isolates and transconjugants (Table 3 ). In PCR testing for the prgB gene, 21 249 were positive with both the original isolates and transconjugants, and the remaining 2 were 250 positive with the original isolate only. In PCR testing for the prgC gene, 10 were positive with both 251 the original isolates and transconjugants, 5 were positive with the original isolate only, and the 252 remaining 8 were negative with both the original isolates and transconjugants. Overall, all 23 253 isolates were positive for at least one of the three key pheromone-response genes with either the 254 original isolates or transconjugants; only 7 isolates were positive for all 3 genes with both the 255 original isolates and transconjugants. prgB was the most common gene, which was detected in all 256 23 original isolates. 257
Of the 18 original isolates containing a rep 9 type of plasmids, all were positive for prgB, 15 258 were positive for prgA and 13 were positive for prgC. On the other hand, of the 5 original isolates 259 that did not carry a rep 9 type of plasmids, and all were positive for prgA and prgB while only 2 260 were positive for prgC. 261 262
Determination of sex pheromone responses by CIA 263
In CIA assay with synthetic pheromones cAD1 and cCF10 as inducers, 12 of 23 optrA-carrying 264 isolates showed different degrees of clumping ( Fig. 5 ) with at least one inducer, including 3 265
showing very strong clumping and 9 showing weak to moderate clumping (Table 3) . None of the 266 5 isolates without a rep 9 -type plasmid showed apparent clumping. In CIA assay with JH2-2 267 filtrates, 17 of 23 optrA-carrying isolates (all containing rep 9 -type plasmids) displayed apparent 268 aggregation under microscopy while the remaining 6 isolates showed no aggregation. 269
270
DISCUSSION
271
In this study, we performed comprehensive molecular and phenotypic profiling of 44 E. faecalis 272 clinical isolates with linezolid-resistance through combination of PFGE, DNA hybridization, 273 PCR-based genotyping, whole plasmid genome sequencing, antibiotic susceptibility test, 274 bacterial conjugation and clumping induction assay. Our results strongly suggest that 275 optrA-mediated linezolid-resistance can be widely disseminated through sex pheromone plasmid 276 transfer. 277
Our conclusion on the sex pheromone plasmid transfer mechanism is supported by the 278 following findings. First, we detected a high prevalence of plasmid-borne optrA gene in E. faecalis 279 clinical isolates. The proportion of isolates carrying optrA in the plasmid was slightly higher 280 isolates carrying optrA in the chromosome (59% vs 41%), which is consistent with previous 281 reports in China (13, 15 ) and other countries (6, 22, 37). Location of the resistance gene is a 282 plasmid is known to enable fast and efficient gene transfer within and between different bacterial 283 host species. Second, we detected a high transferability (23/26 or 88%) of optrA-carrying plasmids 284 based on studying a case series of 26 E. faecalis clinical isolates with linezolid resistance and 285 carrying optrA in plasmids (Table 1) . This transferability was confirmed by PCR and MIC testing 286 of all transconjugants. To our knowledge, this study is the largest to date to assess the transferability of optrA-carrying plasmids in clinical isolates of E. faecalis. Third, sequencing of 288 the full plasmid genome in one E. faecalis clinical strain (P10748) confirmed the co-localization of 289 optrA with almost all known sex-pheromone response genes, including the typical 290 prgA-prgB-prgC cassette, in the same plasmid (Fig. 2) . Plasmids with such gene organization have 291 not been reported previously from any optrA-carrying E. faecalis isolates. While there has been 292 one report of two pheromone-responsive plasmids carrying optrA in E. faecalis (30) , both 293 plasmids were identified in E. faecalis isolates from pigs, with only one of them (pE508) 294 containing a single sex pheromone gene (prgB) based on full plasmid genome sequencing. Fourth, 295 our plasmid typing studies demonstrated, for the first time, the abundant presence of rep 9 -type 296 plasmids (prototype pCF10) in optrA-carrying E. faecalis clinical isolates (17/26 or 65%, Table 1) , 297 implying a high prevalence of sex pheromone plasmids in clinical isolates. Consistent with this 298 observation, our PCR-based genotyping revealed the presence of three key sex pheromone 299 response genes (prgA, prgB and prgC) in almost all optrA-carrying E. faecalis clinical isolates 300 (Table 3) . Fifth, our functional studies with CIA detected different degrees of cell clumping in 301 most of the 23 E. faecalis clinical isolates carrying optrA in plasmids, indicating that 302 pheromone-inducible conjugation is operational in these isolates. The absence of clumping in 303 some of these isolates may be caused by the presence of other pheromone receptors different from 304 those for cAD1 and cCF10 or JH2-2 infiltrate used in the CIA assay. Finally, the hypothesis of 305 sex pheromone-mediated transfer of optrA is further supported by our previous transcriptomics 306 (31) and proteomics (32) studies of the E. faecalis P10748, which consistently showed that OptrA and several sex pheromone response molecules (PrgA, PrgB and PrgY) were among the most 308 significantly up-regulated molecules. 309
The plasmid pEF10748 identified in this study represents a novel plasmid for E. faecalis. In 310 addition to the presence of OptrA and multiple sex pheromone response genes described above, 311 this plasmid contains other drug resistance and virulence determinants. The fexA gene, which 312 confers resistance to chloramphenicol and florfenicol, is located closely to the optrA gene in 313 pEF10748. The region containing these two drug resistance genes is flanked by two transposase 314 genes including the IS1216 and ISL3 family transposases (Fig. 2) . The same gene organization 315 has been reported in only one partially sequenced plasmid (pXY17) from an E. faecalis clinical 316 isolate (38). It is likely that this organization will facilitate the movement of the resistance genes to 317 different locations (plasmids or chromosomes) or different bacteria. This possibility awaits further 318 investigation. In addition to drug resistance genes, plasmid pEF10748 encodes a putative 319 holin-like toxin, which has been previously identified in seven plasmids from different E. faecalis 320 strains based on GenBank search. As holin proteins are known to function through disruption of 321 the host cell membrane (46), we speculate that this protein may play a role in gene transfer by 322 releasing mobile genetic elements. Co-localization of these resistance and virulence determinants 323 with a set of multiple sex pheromone response genes may enable a highly efficient dissemination 324 of these mobile genetic materials. 325
This study clearly has some limitations. The distribution of key sex pheromone response 326 genes in clinical isolates was determined by PCR alone using total genomic DNA, which is unable 327 to distinguish whether these genes are located in plasmids. Clarification of this question requires 328 further studies by DNA hybridization or full plasmid genome sequencing. Despite the availability 329 of a relative large collection of optrA-carrying plasmids, we sequenced only one of them (strain 330 P10748), which was chosen due to our previous studies by transcriptome and proteome analysis 331 (31, 32). It is unknown if the remaining plasmids also carry sex pheromone response genes as well 332 as other mobile genetic elements. We anticipate that continuing decrease in NGS cost should allow 333 us to sequence all these plasmids as well as related chromosomes. Supplementary Table S3 . Supplementary Table S3 . 550 
